Neutron diffraction investigations of orthorhombic Co 3 11 B 7 0 13 Br at 293 K and in the temperature range 1.5-30 K revefl a two step onset of magnetic ordering, starting at the the second order transition to a weakly ferromagnetic phase at TN = 17.5 K (Nee( type) and followed at about T, = 10.5 K, by a smooth transformation to a three-dimensional canted magnetic structure (magnetic space group Pc'a2,'
INTRODUCTION
Members of the boracite family M 3 B 7 0 13 X (where M stands for a bivalent transition metal ion and X for Cl, Br, I) are of particular interest due to their simultaneously ferroelectric/ferroelastic weakly ferromagnetic phases and their magnetoelectric and optical properties. 1 · 2 Depending on the nature of the substituents various sequences of phase transitions occur, consisting in subtle structural changes, which in turn govern the magnetic behaviour.
In analogy to the mineral Mg 3 B 7 0 13 CJ3,4 the Co 3 B 7 0 13 X (Co-X, X-CI, B.r, I) boracites are known to undergo a first-order phase transition from a paramagneticparaelectric cubic phase F43cl' (Z = 8) to an orthorhombic paramagnetic fully ferroelectric/fully ferroelastic phase Pca2 1 1' (Z = 4) at temperatures 623 K, 466 K and =194 K, respectively. 1 • 5 This transition involves a doubling of the cubic primitive unit cell and a threefold splitting of the Co site. At lower temperatures (11.5 K, 17.5 K and 38 K, respectively) all three compounds undergo a magnetic phase transition and display weakly ferromagnetic ordering. 6 • 7 • 8 b,&:. 9 •· 9 b On the basis of the magnetoelectric effect of Co--BrB and Co--I 8 • boracites the magnetic point group for both compounds was found to be m'm2' down to 4.2 K, while the Co--CI boracite undergoes two further improper structural transitions, to monoclinic point symmetry ml' (at 538 K) and trigonal3ml' (at 468 K), before it orders magnetically at 11.5 Kin the monoclinic Shubnikov group m which allows (weak) ferromagnetism.8b Specific heat measurements 9 indicate that all three compounds display a "Schottky anomaly" at temperatures lower than TN· For the Co-l compound 10 this Schottky anomaly has been interpreted on the basis of neutron diffraction results as a spin reorientation without any further change of the magnetic symmetry. It is of interest to extend this study to the other two members of the Co-X family, for which no neutron diffraction studies have previously been reported. In the present paper we will report on the magnetic ordering and the sequence of phase transitions occurring in Co-Br boracite, following the scheme:
EXPERIMENTAL AND RESULTS
The neutron measurements (using single phase powder samples obtained by crushing single crystals), were performed by means of the "DMC" (double axis multicounter diffractometer) and the two-axis spectrometer at the reactpr Saphir in Wuerenlingen, at 293 K and in the temperature range 1.5-30 K (X. = 1.70012 A), cf. Figures 1 and 2 . The step increment of the diffraction angle 26 was 0.10°. In order to avoid high absorption, the 11 8 isotope and an annular vanadium sample holder with inner and outer diameters of 10 and 12 mm, respectively, were used. With a view to the expected weak magnetic intensities the high-intensity instrumental configuration (without primary collimation) was used. The data were corrected for absorption and evaluated by the line profile analysis method, 0. 
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0. scattering lengths and magnetic form factors given in References 14 and 15, respectively.
2a. Nuclear Structure at 293 K
Results of the 293 K refined neutron pattern (see Figure 1 ) of the orthorhombic structure of Co--Br boracite in the paramagnetic state are summarised in Table  I . Within three standard deviations these values are in good agreement with the recently published very accurate single crystal x-ray parameters 5 for the same temperature. As expected due to the limited experimental resolution, the parameters from the neutron powder data refinement have larger errors and for this reason the parameters of the Co site were not included in the refinement. The main structural changes during the cubic to orthorhombic phase transition are: (i) the splitting of the Co site into three distinct sites (Col, Co2, Co3) with different surroundings. The surroundings of Co2 and Co3 are similar, while that of Col is found to be different. 5 (ii) The splitting of the Co--Co distances; the found largest difference among Co--Co distances being 0.866(2) A. next sections this arrangement is crucial for the presence of frustration in the spin ordering process.
2b. Magnetic Ordering
Similarly to the findings on the Co-l boracite one observes in the low temperature neutron patterns of Co-Br boracite at 1.5 K and 12 K (cf. Figure 2 ) additional reflections of magnetic origin at reciprocal lattice positions of the chemical cell, i.e., k = 0. The fact that the main magnetic contributions (h01)/(0kl) do not follow the limiting conditions for possible reflections of the nuclear space group (Okl, 1 = 2n and hOI, h = 2n), suggests that these contributions can be attributed to antiferromagnetic ordering. There are four possible magnetic space groups 16 (see also Reference 2, Table II) associated with the wave vector k = 0: Pca2 1 , Pc'a'2 1 , Pca'2 1 ' and Pc'a2 1 '; however only the latter one is compatible with the magnetic point group m'rn2' as derived from studies in polarized light? and from data of the magnetoelectric effect. 8 The Pc'a2 1 ' magnetic space group allows a three-dimensional canted moment arangement for the three Co sublattices (all at 4(a): x, y, z; -x, -y,! + z;! + x, -y, z; i -x, y,! + z). The corresponding magnetic modes are Cx{ + + --), Fy( + +++)and Az( + --+).The fact that the (h01/0k1) reflections have comparable intensities indicates that the main axis of antiferromagnetism is not along the c direction. The contributions along z might then be rather small. The fact that the expected weak ferromagnetic contributions (overlapping with allowed nuclear peaks) are not observed, indicates that these are either very weak or their contributions cancel in the structure factor.
Due to the observed relatively weak magnetic contributions (compared to the nuclear ones) the refinement of the magnetic structure was carried out by using 98/(446)
difference diagrams between the magnetically ordered state and the paramagnetic state at 23 K. This allows a drastic reduction of the number of free parameters and therefore a more precise determination of the magnetic structure. Although the R-factors of such a refinement have rather a high value due to the larger errors on the background estimation the errors on the ordered moment values are much lower than those obtained from a refinement of all parameters of the entire pattern with essentially lower R-factors. As already mentioned above, the refined parameters of the 293 K pattern entail large errors compared with the x-ray data, (see Table 1 ). Thus the Co positional parameters were taken from Reference 5. The lattice parameters and scale factors were obtained from a refinement of the 23 K pattern, just a few degrees above the ordering temperature.
The best agreement was obtained for the parameters given in Table II . The refinement cannot distinguish between Co(2) and Co(3) sites. Thus it is also possible that both arrangements exist in the form of domains. Due to the larger experimental error the reliability factors and the goodness of fit x 2 of difference diagrams are less satisfactory than those for 293 K; however, the errors in the ordered magnetic moment values are significantly lower than those resulting from a simultaneous profile refinement with the dominant nuclear contributions.
2c. The Magnetic Structure
The 1.5 K and 12 K refined parameters (see Table II Co,''B70,.Br temperature magnetic structures correspond to a three-dimensionally canted arrangement of the three sites as shown in Figure 3 . Figure 4 displays the temperature variation of the magnetic peak intensity of the first two dominant magnetic peaks {101}, {211, 301, 121, 103}. In agreement with measurements of magnetic birefringence/ magnetoelectric effect, 8 specific heat 9 and spontaneous Faraday rotation 9 a the magnetic order sets in below 17.5 K. The intensity of both peaks increases smoothly up to about T, = 10 K where its slope versus temperature begins to become steeper. This rather smooth change of slope is equally reflected in the analogous temperature dependence of the spontaneous Faraday rotation 9 a and in the change of the slope of the magnetoelectric coefficient
2d. The Temperature Dependence of Magnetic Intensities
From the temperature dependence of the {101} peak upon cooling and heating one may conclude that both phase transitions are of second order in agreement with the findings of References 7, 8 and 9a.
DISCUSSION
The present neutron diffraction results show that the onset of magnetic ordering of C<r-Br boracite consists of a two step process characterised by successive ordering of the three Co sites which display different magnetic moment values and orientations as well as a different temperature behaviour.
It is noteworthy that the change of slope of the neutron intensity and of that of the spontaneous Faraday rotation is associated with a very large "Schottky anom-aly" in the specific heat, peaking at about 8 K and spreading between about 4 and 12 K. 9 These facts, together with the failure to detect so far a change of point symmetry 7 • 8 below =10 K, suggest that the second step of the two step ordering is spread over a rather large temperature interval. Accurate susceptibility and magnetisation measurements on ferroelastic single domains will, however, be necessary with a view to corroborating these findings.
In the temperature range ( T, < T < TN) the canted magnetic ordering consists of the Cx mode of Co(l) and the Az mode of Co (2) . Their moment values at 12 K are quite different; Co(l) has almost reached the saturation value of 4.5(1) f.L 8 , while Co(2) measures less than half of it, 1.8(2) 1-Ln· The ferromagnetic contribution FY = 0.80(25) 1-Ln of Co (2) and -FY for Co(3) is within 3o-negligible. From the 1.5 K refined values one may conclude that the transition observed at T, consists in the onset of ferromagnetism of Co(2) and Co(3) which are coupled antiferromagnetically. This transition implies in the free energy expression only changes in the entropy term in good agreement with the specific heat measurements. The magnetic ordering mechanism of the boracites is certainly a complex one reflecting the complexity of the structure, see also Reference 17. The canted ordering and the successive onset of magnetism indicate the action of competing interactions which lead to frustration of the ordering process. A simple assumption is that the dominating factor leading to the frustration resides in the triangular moment arrangement of the three Co sublattices (see Figure 3) as discussed in section 2a with pronounced antiferromagnetic exchange interactions between the Co 2 + ions via a 180" superexchange mechanism within the Co 2 +-Br---co 2 + chains. Similar magnetic frustration effects have been reported also for other compounds with triangular magnetic moment arrangement and antiferromagnetic superexchange interactions. 18 
